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19.  ABSTRACT  (Continued) 


the  human  as  a  result  of  weight  concentration  at  the  ends  of  the  femur  to  allow  for  Hybrid 
III  dummy  joint  compatibility.  The  composite  femur,  however,  allows  a  greater  proportion 
of  the  mass  to  be  contributed  by  the  flesh  covering,  resulting  in  a  better  approximation 
of  the  overall  segment  mass  moments  of  inertia  (lx,  ly  and  Iz).  This  effort  verified  that 
the  use  of  composite  materials  in  manikin  skeletal  components  is  feasible. 
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PROJECT  SUMMARY 


The  objective  of  this  research  effort  was  to  determine  the  feasibility  of 
using  composite  materials  in  manikin  skeletal  components.  The  skeletal  compo¬ 
nents  of  current  manikins  are  constructed  out  of  various  metals,  resulting  in 
excessively  stiff  and  heavy  components  that  lack  biofidelic  response  charac¬ 
teristics.  Phase  I  was  designed  to  develop  a  composite  manikin  femur  that 
could  be  tested  to  verify  the  feasibility  of  using  composites  as  structural 
components  in  the  remaining  skeletal  system. 

Human  femoral  properties  were  analyzed  and  composite  materials  researched  to 
design  a  manikin  femur  that  exhibited  the  weight  and  mass  moments  of  inertia 
of  a  human  femur  and  a  strength  that  exceeded  the  Hybrid  III  femur.  A  pro¬ 
totype  composite  femur  was  fabricated  and  statically  tested,  affirming  the 
feasibility  of  using  composite  materials  in  manikin  skeletal  components. 

A  proposed  Phase  II  program  will  continue  the  development  effort  with 
composites  for  the  limbs  of  a  test  manikin.  The  approach  used  to  design  and 
fabricate  the  composite  femur  in  Phase  I  will  be  used.  In  addition  to 
skeletal  segments  for  arms,  legs,  feet,  and  hands,  flesh  segments  for  these 
component*  will  be  developed.  Commercialization  of  composite  manikin 
segments  will  take  place  during  Phase  III. 

Based  on  the  success  of  Phase  I,  a  recommendation  is  made  to  continue  the 
development  effort  with  composites  for  each  skeletal  component  to  achieve  a 
completely  biofidelic  manikin. 
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1.0  INTRODUCTION 


The  intent  of  the  Phase  I  effort  was  to  demonstrate  the  feasibility  of  using 
composite  materials  in  manikin  skeletal  components.  The  skeletal  components 
of  manikins  are  currently  constructed  of  various  metals,  resulting  in  exces¬ 
sively  stiff  and  heavy  components  that  do  not  provide  biofidelic  (human-like) 
response  characteristics.  The  advantages  of  using  composite  materials  is 
two-fold:  to  produce  more  human-like  characteristics,  such  as  mass,  mass 
moments  of  inertia  and  dynamic  response;  and  to  maintain  the  degree  of 
strength  required  to  sustain  the  high  loads  of  dynamic  testing.  The  femur 
(upper  leg  bone)  was  selected  in  Phase  I  as  a  representative  skeletal 
component . 

With  the  femur  chosen  as  the  test  component,  the  program  focused  on  several 
major  objectives.  First,  the  Hybrid  III  manikin  and  human  femoral  bone 
properties  were  analyzed  and  used  to  design  an  advanced  femur  concept.  Next, 
a  prototype  manikin  femur  was  fabricated  and  subjected  to  static  testing. 

The  combined  objectives  provided  a  comprehensive  study  to  verify  the 
prototype  design  and  the  feasibility  of  using  composites  in  manikin  skeletal 
components . 
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2.0  IDENTIFICATION  AND  SIGNIFICANCE  OF  THE  PROBLEM 


Anthropomorphic  manikins  were  first  developed  after  World  War  II  when  newly 
developed  ejection  seats  for  high  performance  aircraft  needed  to  be  tested. 

The  need  for  human  surrogates  still  exists,  along  with  an  increasing  demand 
that  these  manikins  be  more  representative  of  humans. 

While  the  Hybrid  III  anthropomorphic  test  manikin  is  considered  state  of  the 
art  and  an  improvement  over  the  former  "standard"  manikin,  it  is  still  far 
from  the  "ultimate"  test  manikin  (Reference  1).  However,  development  of  a 
manikin  with  improved  dynamic  response  is  well  underway  with  the  Advanced 
Dynamic  Anthropomorphic  Manikin  (ADAM)  program  (Reference  2).  Nevertheless, 
modern  manikins  such  as  the  Hybrid  III  and  ADAM  are  comprised  of  a  skeleton 
of  metal  "bones"  to  provide  the  structural  strength  required  to  withstand  the 
high  accelerations  and  loads  experienced  during  dynamic  testing.  These  exces¬ 
sively  stiff  and  heavy  metallic  structures  constrain  achievement  of  proper 
segment  inertial  distribution  and  deformation  properties,  especially  in  the 
load-transmitting  members  of  the  skeleton,  such  as  the  tibia,  femur,  pelvis, 
and  spine. 

The  total  mass  of  the  manikin  is  concentrated  in  these  skeletal  components 
and  in  long  segments  it  is  not  as  well  distributed  along  the  radial  axis  as 
along  the  longitudinal  axis.  Consequently,  the  moment  of  inertia  is  dis¬ 
torted  along  the  longitudinal  axis. 

In  addition  to  bearing  an  unrealistically  high  percentage  of  the  total  body 
weight,  metallic  components  in  the  manikin  do  not  transmit  loads  represent¬ 
atively.  For  instance,  experiments  involving  impacts  of  the  lower  limb, 
which  is  pin-jointed  at  the  knee,  resulted  in  excessively  high  peak  forces  in 
the  femur  of  the  Hybrid  III  (Reference  3).  As  a  result  of  knee  impact 
forces,  load  transmission  through  the  femur  also  causes  excessively  high 
loads  in  the  pelvis.  It  has  been  shown  that  as  a  result  of  these  loads,  the 
manikin  femur  has  a  tendency  to  break  in  the  upper  portion  of  its  length 
(Reference  4) . 

Another  segment  that  lacks  biofidelity  in  the  Hybrid  III  is  the  spinal  col¬ 
umn,  which  fails  to  fully  accommodate  vertical  loading.  The  lumbar  spine  is 
a  uniquely  composed  polyacrylate  elastomeric  member  with  two  steel  cables 
running  the  length  of  its  lordotic  curvature.  The  thoracic  spine,  on  the 
other  hand,  is  composed  of  welded  steel.  The  interface  between  the  thoracic 
spine  and  the  lumbar  spine  does  not  accommodate  for  this  difference  in  mate¬ 
rial  properties,  causing  the  load-deformation  and  load-transmitting  proper¬ 
ties  between  these  two  components  to  be  distorted. 

The  connecting  of  skeletal  components  of  different  materials,  such  as  the 
thoracic  and  lumbar  spines,  is  the  cause  of  poor  biofidelity  in  the  total 
manikin.  Poor  coupling  also  exists  between  the  "bony"  and  "fleshy"  compo¬ 
nents  of  a  segment.  In  the  Hybrid  III,  for  example,  the  integration  of  a 
light,  foam  thigh  with  a  dense,  metallic  femur,  does  not  lend  itself  to  pro¬ 
per  load  transmission. 
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As  an  alternative  to  metals,  composite  materials  have  a  higher  strength-to- 
weight  ratio  and  have  more  bonelike  deformation  properties  than  the  currently 
used  metal  parts,  thereby  offering  a  significant  improvement  over  the  current 
characteri sties  of  both  the  Hybrid  III  and  the  ADAM.  For  this  SBIR  investiga¬ 
tion,  the  Hybrid  III  was  used  as  a  baseline  for  the  development  of  a  compos¬ 
ite  manikin,  and  the  results  of  the  ongoing  ADAM  program  were  addressed. 

Figure  1  compares  the  human  femur  with  the  femur  currently  used  in  the  Hy¬ 
brid  III.  An  anatomical  difference  is  shown  in  the  figure  by  the  relative 
distance  (a)  between  the  hip  joint  ball  center  and  the  longitudinal  axis  of 
each  shaft.  Cross  sections  of  each  femur  further  illustrate  the  poor  resem¬ 
blance  between  them.  A  difference  in  mass  between  the  femurs  also  exists: 
the  Hybrid  III  femur  weighs  12.5  lb  while  the  human  femur  weighs  only  2  lb. 

The  femur  was  selected  in  this  program  as  a  representation  of  all  the 
skeletal  components  for  determining  the  feasibility  of  using  composite 
materials  in  manikin  skeletons. 

It  should  be  noted,  however,  that  simply  changing  the  skeletal  components 
will  not  correct  all  the  problems  in  the  manikin,  but  rather  will  begin  a 
chain  of  modifications  to  satisfy  the  requirements  for  a  completely  bio- 
fidelic  response. 
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3.0  PHASE  I  TECHNICAL  OBJECTIVES 


The  primary  goal  of  the  Phase  I  effort  was  to  develop  an  advanced  concept  of 
the  Hybrid  III  manikin  femur  using  composite  materials  to  reduce  its  weight 
and  improve  its  inertial  properties.  The  new  femur  was  to  respond  more  like 
that  of  a  human  but  still  exhibit  the  high  strength  found  in  existing  mani¬ 
kins.  The  Phase  I  results,  therefore,  would  demonstrate  the  overall  feasi¬ 
bility  of  using  composite  materials  to  achieve  more  bi of i del i c  character¬ 
istics  in  the  remaining  skeletal  components  of  anthropomorphic  manikins. 

This  objective  would  be  demonstrated  in  Phases  II  and  III  of  this  program. 

To  reach  the  Phase  I  goal,  the  following  four  technical  objectives  had  to  be 
met: 

•  Analyze  the  Hybrid  III  manikin  and  human  femoral  bone  properties 
through  a  literature  search  and  observation  of  existing  manikin 
parts  and  drawings 

•  Design  an  advanced  concept  of  the  femur  using  the  Hybrid  III  femur 
as  a  baseline  concept  with  given  boundary  conditions 

•  Fabricate  a  prototype  manikin  femur  for  demonstration  and  testing 
purposes 

•  Conduct  static  testing  of  the  prototype  to  verify  its  design  and  to 
determine  the  feasibility  of  using  composites  in  a  manikin  skeletal 
component. 

Sections  4.0  through  7.0  elaborate  on  how  these  technical  objectives  were 
satisfied. 
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4.0  ANALYSIS  OF  HYBRID  III  AND  HUMAN  FEMORAL  PROPERTIES 


The  properties  of  a  representative  50th-percentile  male  aviator's  femur  were 
used  to  design  a  composite  manikin  femur.  The  50th-percentile  Hybrid  III  man¬ 
ikin  femur,  which,  for  purposes  of  this  program  included  the  knee,  was  used 
as  a  baseline  for  concept  demonstration. 

An  analysis  of  the  Hybrid  III  and  human  femoral  properties  was  initially  con¬ 
ducted  through  a  study  of  the  literature.  The  Hybrid  III  femur  was  also  anal¬ 
yzed  by  observation  of  an  existing  Hybrid  III  femur  and  corresponding  draw¬ 
ings.  The  human  femur  was  further  analyzed  through  an  experimental  character¬ 
ization  study. 

4.1  REVIEW  OF  HYBRID  III  FEMUR 

The  upper  portion  of  the  Hybrid  III  femur  (the  hip  joint  assembly)  consists 
of  an  aluminum  bronze  hip  joint  ball,  1.75  in.  in  diameter,  and  a  yellow 
brass  neck,  0.8  in.  in  diameter,  connected  by  a  hole  bored  in  the  ball.  A 
ring  flange  made  of  aluminum  bronze  is  used  to  retain  the  hip  joint  ball  in 
the  pelvic  socket  of  the  manikin.  The  total  weight  of  this  hip  joint 
assembly  is  3.2  lb.  Connected  to  the  neck,  the  upper  leg  is  made  from  1018 
steel  and  weighs  5.2  lb.  Extending  from  the  upper  leg  is  a  second  shaft, 
also  made  of  1018  steel,  that  weighs  1.4  lb.  This  second  shaft  inserts  into 
the  knee  and  is  interchangeable  with  an  aluminum  load  cell  having  the  same 
dimensions.  Weighing  2.6  lb,  the  knee  is  cast  from  aluminum  and  provides  the 
rotation  and  stops  for  lower  leg  movement.  The  knee  is  connected  to  the 
lower  leg  with  the  following  components:  a  delrin  bushing  and  washer;  a  303 
stainless  steel  knee  adapter  assembly  and  nut;  a  cast  thermoset  urethane 
washer;  and  two  1018  steel  knee  lugs.  A  knee  insert  made  of  molded 
45-durometer  butyl  rubber  and  an  outer  vinyl  covering  complete  the  knee. 

The  Navy  observed  that  the  Hybrid  III  leg  assembly  was  unable  to  sustain  the 
given  loads  when  subjected  to  high  speed  ejection  seat  tests  (Reference  4). 

The  high  moments  developed  in  the  hip  joints  due  to  the  excessive  flailing  of 
the  limbs  caused  them  to  break.  Confirming  this  report,  Simula  examined  a 
Hybrid  III  femur  supplied  by  the  Air  Force  and  found  that  the  aluminum  bronze 
neck  of  the  hip  joint  assembly  had  a  severe  change  in  shaft  angle,  primarily 
from  sustaining  the  high  applied  loads.  Similarly,  the  retaining  ring  (also 
made  of  the  soft  aluminum  bronze)  exhibited  a  notable  dent  in  its  shape 
caused  by  the  force  of  the  neck  pressing  against  it. 

In  addition  to  the  poor  strength  of  the  hip  joint  assembly  of  the  Hybrid  III 
manikin  femur,  the  upper  leg  responds  in  a  less  biofidelic  manner  due  to  the 
excessive  mass  of  the  femur  and  the  concentration  of  this  mass  at  the  ends  of 
the  bone.  Table  1  lists  the  components  of  the  Hybrid  III  femur  and  the 
weight  of  each.  The  total  weight  of  the  Hybrid  III  femur  is  12.5  lb,  which 
is  at  least  10  lb  more  than  the  weight  of  the  human  femur. 

4.2  REVIEW  OF  HUMAN  FEMUR 

The  properties  of  the  human  femur  that  are  essential  in  designing  a  composite 
femur  include  weight,  mass  moments  of  inertia,  and  center  of  gravity.  Proper¬ 
ties  that  are  less  significant  to  the  purpose  of  this  program,  but  which  are 
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TABLE  1.  HYBRID  III  FEMUR 
AND  WEIGHTS 

COMPONENTS 

Part 

Weight  (lb) 

Hip  joint  ball 

0.580 

Neck 

_.625 

Upper  shaft 

5.201 

Lower  shaft 

1.398 

Knee 

2.692 

Total  Weight 

12.49 

still  of  notable  interest,  include  the  mechanical  properties  of  bone  such  as 
ultimate  tensile  strength,  compressive  strength,  bending  strength,  torsional 
strength,  modulus  of  elasticity,  and  density.  Appendix  A  lists  these  proper¬ 
ties  for  human  compact  bone,  which  is  the  most  typical  bone  of  the  femur.  Me¬ 
chanical  properties  of  the  human  femur  as  a  component  are  also  listed  in  Ap¬ 
pendix  A  and  served  as  a  comparison  to  the  Hybrid  III  and  composite  femurs. 

Typically,  for  a  human  femur  the  elastic  modulus  is  approximately  2,600  ksi 
(18  GPa),  ultimate  tensile  strength  is  17.8  ksi  (123  MPa),  and  density  is 
0.065  1  b/ in.  (1.8  gm/crrr).  The  advanced  composite  femur  was  designed  to 
meet  or  exceed  the  strengths  of  the  existing  Hybrid  III  manikin  femur,  which 
is  designed  to  exceed  the  human  strength  properties  shown  in  Appendix  A. 
Exceeding  human  strength  properties  allows  a  manikin  to  be  repeatedly  tested 
without  the  failure  that  would  normally  exist  in  a  human  skeleton  under 
similar  loads. 

In  addition  to  the  femoral  properties  found  in  the  literature,  an  experi¬ 
mental  analysis  was  conducted  on  a  cadaveric  femur  to  determine  its  load 
deflection  properties,  mass  moments  of  inertia  and  center  of  gravity.  Rep¬ 
resentative  of  a  50th-percenti 1 e  male  femur,  the  experimental  femur  weighed 
1.9  lb  and  had  an  overall  length  of  18.5  in.,  a  hip-joint  ball  diameter  of 
1.87  in.,  and  a  neck/shaft  angle  of  140  degrees.  It  was  decided,  after 
consultation  with  the  Air  Force,  that  simulating  the  load  deflection 
properties  of  the  human  femur  was  of  secondary  importance.  Instead,  the 
inertial  properties  of  the  femur  and  flesh  covering  were  the  necessary  design 
parameters.  Consequently,  the  mass  and  mass  moments  of  inertia  of  the  femur 
were  deemed  necessary  to  achieve  an  overall  human  representation  of  the  upper 
leg.  Appendix  A  includes  the  experimental  load-deflection  measurements  of 
the  human  femur,  while  Table  2  lists  the  mass  and  mass  moments  of  inertia  of 
the  human  and  Hybrid  III  femurs.  The  difference  in  mass  properties  shown  in 
Table  2  illustrates  the  distortion  between  the  human  and  Hybrid  III  skeletal 
properties . 
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TABLE  2. 

MASS  AND  MASS 
OF  HUMAN  AND 

-  i 

MOMENTS  OF  INERTIA  j 

HYBRID  III  FEMURS 

Mass  Moment  of 

Type  of 

Mass  (m) 

Inertia  (Ix  =  Iv) 

Femur 

(lb) 

( in-lb-sec2}  y 

Human 

1.9 

0.21 

Hybrid  III 

12.5 

0.96 
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5.0  ADVANCED  COMPOSITE  FEMUR  DESIGN  AND  FABRICATION 


5.1  DESIGN  FACTORS 


5.1.1  Design  Parameters 

The  design  parameters  for  the  advanced  composite  femur  included  the  following 
(in  order  of  decreasing  importance): 

•  High  strength-to-weight  ratio 

•  Biofidelic  mass  and  inertial  properties 

•  Joint  compatibility  between  femur  and  Hybrid  III 

•  Ability  to  disassemble 

•  Biofidelic  deformation  properties. 

5. 1.1.1  High  Strenqth-to-Wei qht  Ratio.  It  was  most  important  that  the 
advanced  composite  femur  be  designed  so  that  its  weight  would  be  more  repre¬ 
sentative  of  the  human  femur  weight  of  approximately  2.0  lb  than  of  the 
Hybrid  III  femur  weight  of  12.5  lb.  In  addition,  its  strength  needed  to  meet 
or  exceed  that  of  the  Hybrid  III  femur.  Due  to  the  high  strength-to-weight 
ratio  exhibited  by  composites,  these  materials  were  ideal  candidates  to  meet 
this  design  parameter. 

5. 1.1. 2  Biofidelic  Mass  and  Inertial  Properties.  The  femur  was  designed 

so  that,  in  conjunction  with  a  flesh  covering,  it  would  simulate  the  mass  and 
mass  moments  of  inertia  of  the  combined  human  femur  and  flesh. 

5. 1.1. 3  Joint  Compatibility  Between  Femur  and  Hybrid  III.  In  order  for 
the  advanced  composite  femur  to  be  properly  evaluated,  it  needed  to  fit  into 
the  existing  Hybrid  III  manikin  for  field  testing.  Therefore,  the  design  was 
limited  to  the  existing  end  fittings  at  the  knee  and  hip  joint  of  the  Hy¬ 
brid  III.  It  is  important  to  note  that  the  potential  to  improve  the  design 
exists  if  the  requirement  for  the  femur  to  fit  into  the  Hybrid  III  manikin  is 
el iminated. 

5. 1.1. 4  Ability  to  Disassemble.  The  femur  was  designed  with  a  disassem¬ 
bly  feature  so  that  during  testing,  the  replacement  of  any  section  that 
failed  would  be  possible.  This  is  an  important  feature  of  the  design  phase 
since  it  reduces  the  expense  of  replacing  an  entire  component.  It  should  be 
noted,  however,  that  the  disassembly  feature  hinders  design  optimization  and 
will  probably  be  eliminated  from  final  versions. 

5. 1.1. 5  Biofidelic  Deformation  Properties.  Reproducing  the  strength  and 
bending  characteristics  of  the  human  bone  in  the  composite  femur,  although 
desirable,  is  not  necessary  in  order  to  achieve  a  biofidelic,  kinematic  re¬ 
sponse  from  the  total  upper  leg,  femur  and  flesh  combined. 
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5.1.2  Design  Loads 

Structural  design  criteria  for  the  advanced  composite  femur  were  based  on 
inertial  loads  expected  during  dynamic  tests  involving  anthropomorphic  mani¬ 
kins.  The  most  common  of  these  dynamic  tests  involve  simulated  crash  testing 
and  aircraft  ejection  seat  operations.  Predicted  maximum  forces  were  based 
on  the  dynamic  test  requirements  for  crash  testing  specified  in  Table  3 
(Reference  5).  The  lateral  force  component  from  crash  test  2  was  believed  to 
be  representative  of  wind  blast  forces  experienced  with  ejection  seats.  Simi 
larly,  the  vertical  landing  from  crash  tests  3  and  4  are  equal  to,  or  greater 
than,  the  vertical  forces  experienced  in  ejection  seats. 


TABLE  3.  CRASH  PULSES  AND  MAGNITUDES  (FROM  MIL-S-58095A) 


The  Hybrid  III  leg  was  represented  by  the  mechanical  schematic  shown  in  Fig¬ 
ure  2.  Several  load  cases  were  examined  to  determine  the  critical  loading 
for  the  composite  femur.  The  loading  conditions  used  for  the  design  and  anal¬ 
ysis  are  shown  in  Figure  3  and  tabulated  in  Table  4.  The  externally  applied 
forces  shown  in  Table  4  were  used  to  calculate  the  maximum  forces  and  moments 
acting  on  the  femur,  which  are  tabulated  in  Table  5.  The  detailed  calcula¬ 
tions  are  presented  in  Appendix  B. 
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TOP  VIEW 


'  A 

/  LX 


FRONT  VIEW 


z 


SIDE  VIEW 


NOTE  (FROM  REFERENCE  6) 

A  =  ±  55° 

B  =  0  TO  90° 

C  =  t  45° 


FIGURE  2.  STRUCTURAL  SCHEMATIC  OF  HYBRID  III  UPPER  AND  LOWER  LEG 
(USING  AIRCRAFT  COORDINATE  SYSTEM). 
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yu 

(LB/IN.) 


CASE  2B 

LATERAL  LOADING  FOR 
SIDE -FACING  TROOP  SEAT 
(WITHOUT  ARM  RESTS) 


CASE  3 

VERTICAL  LOADING 
(EJECTION) 


12 


TABLE 

4.  SUMMARY  OF  DESIGN  LOADS 

FOR  HYBRID 

III  FEMUR^1) 

Load 

Case 

Tesh) 

No.u; 

Lower  Lea 

(1)  ... 

UDDer  Leq  (u) 

Fxl 

Fvl 

Fzl 

Fxu 

Fvu  ^zu 

1 

2 

944 

lb  0 

0 

1,887 

lb 

- 

2A 

2 

0 

545  lb 

0 

0 

69.8  lb/in.(4)  0 

2B 

2 

0 

944  lb 

0 

0 

1,887  lb  0 

3 

(3) 

0 

0 

759  lb 

0 

0  97.3  1 b/ in. 

4 

3&4 

0 

0 

1,683  lb 

0 

0  3,366  lb 

5 

N/A 

0 

0 

0 

8,640 

lb 

0  0 

NOTES 

1 .  See 

Figure 

3  for 

location  of 

applied  forces. 

The 

forces  tabulated  include 

a  dynamic  factor  of  2.0,  and  an  ultimate  load  factor  of  1.5.  These 
factors  have  been  applied  to  the  G  limits  from  MIL-S-58095A  (as  shown  in 
Table  3). 

2.  From  MIL-S-58095A,  Table  III. 

3.  MIL-S-58095A  specifies  a  maximum  occupant  vertical  acceleration  of  23  G. 
which  is  consistent  with  vertical  ejection  accelerations. 


4.  Forces  represent  a  distributed  load  over  length  of  femur. 


LOADING  CASE  TABLE  -  HYBRID  III  FEMUR 
(6ASE0  ON  DYNAMIC  TESTS  SPECIFIED  IN  MIL-S-58095A) 


LOADING  CASE 

Fy 

Fx 

MZ 

My 

1 

*12592  N 
2831  LB 

— 

— 

— 

— 

— 

2 A  FWD  FACING 

— 

_ 

4844  N 
1089  LB 

394  N-m 

3488  H.-LB 

— 

720  N-m 
6374  IN.-LB 

2B  SIDE  FACING 

T53M  N 
2317  LB 

7218  N 
1623  LB 

— 

— 

2460  N-m 
2177881  LB 

3 

6752  N 

1518  LB 

— 

1003  N-m 

8880  N.-LB 

4 

*  * 

6516  N 

1465  LB 

— 

7486  N 

1683  LB 

— 

1483  N-m 

13127N.  LB 

— 

5 

*• 

38431  N 

8640  LB 

— 

— 

— 

— 

X 


•  TENSION 
••COMPRESSION 

NOTES 

•  LOADS  ARE  CALCULATED  FOR  A  FEMUR 
WITH  A  LENGTH  OF  15.6  IN.  FROM  JOINT 
CENTER  TO  JOINT  CENTER 

•  LOADS  INCLUDE  A  DYNAMIC  LOAD  FACTOR 
OF  2.0  AND  A  SAFETY  FACTOR  OF  1.5 

•  LOADS  ARE  IN  AIR  FORCE  COORDINATE 
SYSTEM 

•  THE  SHADED  NUMBERS  REPRESENT  THE 
CRITICAL  DESIGN  LOADING  CASES 


AIR  FORCE  COORDINATE  SYSTEM 
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5.2  COMPONENT  FEATURES 


This  section  discusses  the  final  design  and  materials  used  to  fabricate  the 
composite  femur. 

5.2.1  Overall  Characteristics 

The  final  design  selected  for  the  advanced  composite  femur  is  shown  in  Fig¬ 
ure  4.  The  fabricated  prototype  is  shown  in  Figure  5. 

The  laminated  shaft  was  designed  with  an  inner  diameter  of  1.745  in.  to  mate 
with  other  components.  For  analysis,  each  lamina  was  considered  to  be 
0.005  in.  thick,  so  the  wall  thickness  for  22  plies  was  0.11  in.,  making  the 
outer  diameter  1.965  in. 

The  peak  axial  force  (Q)  in  a  thin-walled  tube  subjected  to  pure  bending  can 
be  calculated  by  the  relationship: 


Q  = 


M 


7 r  r 


2 


where: 


Q  =  peak  axial  force  (Ib/circumferential  in.) 
M  =  bending  moment 

r  =  mean  radius  of  a  thin-walled  tube 


For  the  laminated  shaft, 

Q  =  8,058  lb/in. 
M  =  21,776  in. -lb 
r  =  0.9275  in. 


The  axial  force  distribution  (Fa)  created  by  the  tensile  force  is: 

f3-rr-r-  398  lb/i"- 
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FIGURE  4.  ADVANCED  COMPOSITE  FEMUR  DESIGN. 


FIGURE  5.  ADVANCED  COMPOSITE  FEMUR  PROTOTYPE. 


The  advanced  composite  femur  consists  of  three  components:  the  hip  joint 
assembly,  the  shaft  assembly,  and  the  knee.  The  hip  joint  assembly  can  be 
disassembled  from  the  main  shaft,  and  the  knee  is  permanently  bonded  to  it. 
The  total  length  of  the  composite  femur  is  18.78  in.  or,  from  joint  center  to 
joint  center,  15.65  in.  The  total  weight  of  the  femur  is  3.9  lb,  with  a  mass 
moment  of  inertia  of  0.295  in. -lb-sec2  about  its  transverse  axes. 

Both  the  end  joints  of  the  advanced  composite  femur  (the  hip  joint  ball/ 
retaining  flange  and  the  knee)  are  designed  similarly  to  those  of  the 
Hybrid  III  femur  to  provide  a  proper  fit  with  the  Hybrid  III  manikin.  The 
axis  of  the  composite  femoral  shaft,  however,  is  offset  laterally  from  that 
of  the  Hybrid  III  femur  due  to  a  change  in  the  neck  design.  This  change  in 
relative  position  between  the  center  of  the  hip  joint  ball  and  the  axis  of 
the  composite  shaft  is  more  representative  of  the  human  anatomy,  because  the 
center  of  the  ball  is  not  directly  in  line  with  the  femoral  axis,  whereas  in 
the  Hybrid  III  it  is.  Figure  6  illustrates  this  comparison. 

5*2.2  Detailed  Component  Design 

5.2.2. 1  Laminated  Shaft  Assembly.  The  laminated  shaft  is  fabricated 
from  22  plies  of  graphite/epoxy  lamina  (graphite  T300/Fiberite  934  epoxy). 

The  construction  is  midplane  symmetric  with  the  following  ply  orientations: 


[0o/30o/0o/-30o/0o/30o/0o/-30o/0°/30o/00]  Symmetric 


The  critical  design  load,  from  Table  5,  is  loading  case  2B  (side-facing 
seat),  where  the  loads  are: 

Ft  =  2,317  lb  (tension) 

F$  =  1,623  lb  (shear) 


M  =  21,776  in. -lb  (bending) 


Therefore,  the  total  peak  axial  tensile  force  (Fa  total)  ^ue  to  bending 
plus  tension  is:  ’ 

^a, total  Q  +  ^a 

=  8,456  lb/in. 

The  peak  shear  force  (Fs  total)  ’s: 

F  -i* 

rs, total"  7T  r 

=  557  lb/in. 

The  resulting  load  on  a  1-in.  square  section  of  laminate  is  shown  in  Fig¬ 
ure  7.  The  lamina  stresses  and  margin  of  safety  were  calculated  using  the 
GENLAM  code  (Reference  7).  The  lamina  properties  used  for  the  T300/FBRT  934 
were: 

Ex  =  21.46  x  106  lb/in.  2 
Ey  =  1.4  x  106  lb/in.  2 
E$  =  0.66  x  106  lb/in.2 
NUXy  =  0.30 

X  =  245,000  lb/in.2  (longitudinal  tensile  strength) 

X'  =  226,000  lb/in.2  (longitudinal  compressive  strength) 

Y  =  7,800  lb/in.2  (transverse  tensile  strength) 

Y'  =  24,300  lb/in.2  (transverse  compressive  strength) 

S  =  8,700  lb/in.2  (inplane  shear  strength) 

FXy*  =  -0.50  (F  *  is  the  normalized  interaction  term  in  quadratic 
failure  criterion) 

t  =  0.005  in. 

The  calculated  strains  and  stresses  are  presented  in  Appendix  C.  The  "R" 
ratio  for  each  ply  was  calculated  using  the  quadratic  failure  criterion 
(Reference  7).  If  R  is  greater  than  1.0,  failure  will  not  occur.  The 
calculated  "R"  values  for  each  ply  are  also  contained  in  Appendix  C. 


557  LB 


FIGURE  7.  FORCES  ACTING  ON  LAMINATED  SHAFT  FOR  SIDE-FACING 
SEAT  (CRITICAL  LOADING  CASE  2B.) 
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Weighing  0.51  lb,  the  laminated  graphite/epoxy  shaft  prototype  is  9.75  in. 
long  with  an  inner  diameter  of  1.745  in.  and  an  outer  diameter  of  2.05  in.  A 
stainless  steel  (17-4  PH)  threaded  insert  is  bonded  into  one  end  of  the  shaft 
as  a  fitting  for  the  neck.  The  adhesive  used  to  bond  the  insert  to  the  graph¬ 
ite  shaft  is  Dexter  Hysol  9309.3  NA  epoxy.  The  total  weight  of  the  laminated 
shaft  assembly  is  0.79  lb.  Figure  8  is  an  illustration  of  the  shaft  assem¬ 
bly. 


-* - 9.75  - ► 

THREADED  INSERT 

(1.625-18  UNEF-2B)-\^  ^LAMINATED  SHAFT 
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150)  1 
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-  2.8  15  - 

-  2.875  - 4 

FIGURE  8.  LAMINATED  SHAFT  ASSEMBLY. 


5. 2. 2. 2  Knee  Joint.  The  knee  joint  fitting  is  machined  from  a  block  of 
short  fiber-reinforced  thermoplastic,  Ultem*  2300,  which  is  a  polyetherimide 
resin  containing  30  percent  fiberglass.  Typical  properties  of  this  thermo¬ 
plastic  are  shown  in  Table  6. 


TABLE  6.  PROPERTIES  OF  ULTEM  2300 


_ Properties _ 

Tensile  Strength,  Yield 
Compressive  Strength 
Shear  Strength,  Ultimate 
Tensile  Modulus 

Coefficient  of  Thermal  Expansion 
(0  -  300  °F) 

Specific  Gravity/Density 


_ Value _ 

24.500  psi 

25.500  psi 
14,000  psi 
1,300  ksi 

1.1  x  10'5  in./in. -°F 
1.51/0.0545  lb/in.3 


*  Ultem  is  a  registered  trademark  of  General  Electric  Company. 
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The  critical  load  for  the  knee  joint  fitting  occurs  during  loading  case  2B 
(see  Figure  3  and  Table  4).  The  load  will  be  applied  to  the  knee  fitting 
shaft  as  shown  in  Figure  9.  The  resulting  bending  moment  in  the  shaft  is 
6,718  in. -lb,  which  produces  a  stress  of  13,900  1 b/ in.  and  a  margin  of 
safety  of  +0.76.  The  detailed  calculations  are  presented  in  Appendix  D. 


FIGURE  9.  CRITICAL  LOADING  OF  ADVANCED  COMPOSITE  KNEE  JOINT 
FITTING  (LATERAL  LOAD  -  SIDE-FACING  TROOP  SEAT). 


Conceived  as  an  adaptation  of  the  Hybrid  III  knee,  the  advanced  composite 
knee  was  fabricated  using  the  same  dimensions,  but  with  an  extended  shaft 
that  inserts  into  the  main  shaft.  Figure  10  represents  the  engineering 
drawing  of  the  knee  fitting,  and  Figure  11  shows  the  fabricated  prototype. 
While  the  advanced  composite  knee  is  not  optimally  designed  due  to  the  design 
requirements  to  fit  the  Hybrid  III  end  fittings,  it  is  designed  to  withstand 
the  critical  loads.  Made  of  a  thermoplastic  material,  the  knee  fitting 
weighs  1.43  lb,  which  is  1.20  lb  less  than  the  aluminum  Hybrid  III  knee, 
which  weighs  2.63  lb.  The  composite  knee  is  bonded  directly  to  the  inside  of 
the  graphite  shaft  with  Dexter  Hysol  9309.3  NA  epoxy. 

5. 2. 2. 3  Hip  Joint  Assembly.  The  hip  joint  assembly  encompasses  the 
neck,  ball  joint,  and  retaining  flange  or  ring  (Figures  12  and  13).  The  neck 
of  the  existing  Hybrid  III  manikin  femur  is  fabricated  from  cast  yellow 
brass,  SAE  CA863,  which  has  an  ultimate  strength  of  119,000  1 b/ in.  and  a 
yield  strength  of  83,000  lb/in.2  The  maximum  bending  strength  of  the  yel¬ 
low  brass  neck,  therefore,  is  7,335  in. -lb.  Calculations  are  included  in  Ap¬ 
pendix  E. 
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FIGURE  11. 


ADVANCED  COMPOSITE  KNEE  JOINT  FITTING  PROTOTYPE. 


Since  the  calculated  strength  of  the  Hybrid  III  neck  was  lower  than  the  de¬ 
sign  strength  of  the  laminated  composite  femur  shaft  (see  Section  5.2.2. 1), 
it  was  decided  to  strengthen  the  neck  fitting  of  the  composite  femur  as  much 
as  possible  within  the  limitations  imposed  by  the  need  to  fit  the  existing 
Hybrid  III  hip  joint  socket  and  to  hold  weight  to  a  minimum.  The  neck  fit¬ 
ting  was  strengthened  by  increasing  its  diameter  from  0.75  in.  to  1.0  in.  and 
changing  its  material  from  cast  yellow  brass  to  titanium  alloy  Ti-6A1-4V. 
Strength  comparisons  of  these  materials  are  shown  in  Table  7.  In  addition  to 
the  lighter  weight  titanium,  the  weight  of  the  neck  was  reduced  by  removing 
unnecessary  material  from  the  center  of  the  threaded  neck  base. 

The  increase  in  neck  diameter  coupled  with  the  higher  strength  of  titanium 
increased  the  ultimate  bending  strength  to  22,678  in. -lb  and  provided  an 
ultimate  strength  margin  of  safety  of  +  0.04  relative  to  the  critical  design 
bending  moment  of  21,776  in. -lb. 


TABLE  7.  COMPARITIVE  STRENGTHS  OF  CAST  YELLOW  BRASS 
(SAE  CA863)  AND  TITANIUM  Ti-6A1-4V 


Ultimate 

Yield 

Strength  (ksi) 

Strength  (ksi) 

Cast  Yellow  Brass 

119.0 

83.0 

T i -6A1 -4V 

140.0 

130.0 
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HIP  JOINT 


The  configuration  of  the  composite  femur  neck  does  not  incorporate  the  curve 
of  the  Hybrid  III  neck,  thus  increasing  the  distance  between  the  center  of 
the  hip  ball  joint  and  the  axis  of  the  shaft.  This  configuration,  as  dis¬ 
cussed  in  Section  5.2.1,  is  a  better  anatomical  representation  of  the  human 
femur  (Figure  6).  However,  due  to  the  increased  neck  diameter,  the  allowable 
degree  of  rotation  of  the  hip  joint  was  reduced  from  that  of  the  Hybrid  III. 
Therefore,  the  thickness  of  the  retaining  flange  was  reduced  to  accommodate 
the  increase  in  neck  diameter  and  maintain  original  hip  joint  rotation.  In 
the  Hybrid  III,  the  ring  flange  is  made  of  aluminum  bronze,  which  has  a  ten¬ 
sile  strength  of  110  ksi.  To  reduce  the  chance  of  failure,  the  retaining 
flange  for  the  advanced  composite  femur  was  made  from  17-4  PH  stainless 
steel,  which  has  a  strength  of  200  ksi. 

The  hip  joint  ball  was  changed  from  that  of  the  Hybrid  III  only  by  increasing 
the  diameter  of  the  hole  into  which  the  neck  is  inserted  from  0.75  in.  to 
1.0  in.  The  ball  is  made  from  aluminum  bronze  and  has  a  diameter  of  1.75  in. 

5.2.3  Weight  and  Center  of  Gravity 

The  weight  and  center  of  gravity  for  the  composite  femur  were  calculated. 
Table  8  lists  the  weight  of  each  component  of  the  advanced  composite  femur. 
Tables  9  and  10  list  the  mass  and  mass  moments  of  inertia  of  the  femur  and 
upper  leg  for  the  human,  Hybrid  III,  and  composite  prototype. 

The  design  goal  was  to  match  the  weight  and  moments  of  inertia  of  the  com¬ 
posite  femur  and  the  50th-percenti le  human  upper  leg.  To  meet  this  goal,  the 
artificial  skin  used  with  the  composite  femur  must  have  a  mass  of  17.84  lb 
and  mass  moments  of  inertia  about  the  transverse  axes  of  1.15  in. -lb-sec2. 
Figure  14  depicts  the  location  of  the  center  of  gravity  for  the  femur  and 
flesh  and  presents  the  mass  and  mass  moments  of  inertia  of  the  combined  part. 

5.2.4  Recommended  Flesh  Design 

Although  not  a  contractual  requirement,  Simula  undertook  a  preliminary  study 
to  recommend  a  flesh  design  that  would  be  compatible  with  the  advanced  com¬ 
posite  femur.  Since  the  weight  of  the  composite  femur  is  reduced  from  that 
of  the  Hybrid  III  femur  by  70  percent,  the  weight  of  the  flesh  must  be  in¬ 
creased  to  achieve  the  appropriate  total  weight  of  the  upper  leg.  This  shift 
in  weight  from  the  skeletal  component  to  the  flesh  covering  will  provide  an 
upper  leg  with  a  more  representative  weight  distribution  and  resulting  iner¬ 
tial  properties. 

As  shown  in  the  weight  analysis  (Section  5.2.3),  the  composite  femur  weighs 
3.94  lb,  but  the  total  upper  leg  must  weigh  21.56  lb  to  achieve  the  proper  hu¬ 
man  leg  weight.  Therefore,  the  flesh  must  be  designed  to  weigh  17.62  lb. 
Similarly,  the  mass  moments  of  inertia  about  the  transverse  axes  of  the  com¬ 
posite  femur  is  0. 295-in. -lb-sec2  and  that  of  the  total  upper  leg  of  the 
human  is  1.46  in. -lb-sec2.  The  mass  moments  of  inertia  of  the  thigh  must 
therefore  be  1.15  in. -lb-sec2  (see  Figure  14).  Measured  from  the  center  of 
the  hip  joint  ball,  the  center  of  gravity  of  the  flesh  covering  is  7.88  in. 

In  addition,  the  outside  dimension  of  the  flesh  covering,  from  the  back  of 
the  thigh  to  the  front,  should  not  exceed  6.58  in.  (Reference  8).  Assuming 
that  the  flesh  surrounds  the  composite  femur  concentrically,  the  necessary 
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TABLE  8.  WEIGHTS  OF  ADVANCED  COMPOSITE 
FEMUR  COMPONENTS 


Weight 

Comoonent 

(kq) 

(lb) 

Aluminum  Bronze  Ball 

0.228 

0.502 

Pin 

0.007 

0.015 

Titanium  Neck 

0.516 

1.135 

Threaded  Insert  (17.4  PH) 

0.125 

0.275 

Graphite/Epoxy  Shaft 

0.232 

0.510 

Adhesive  In  Shaft  (9309.3  NA) 

0.004 

0.009 

Bolts  (2) 

0.011 

0.025 

Nuts  (2) 

0.002 

0.004 

Washers  (8) 

0.007 

0.015 

Ultem  2300  Knee 

0.657 

1.433 

Adhesive  on  Knee 

0.006 

0.013 

Stainless  Steel  Retaining 

FI ange 

0.143 

0.315 

TOTAL* 

1.789 

3.936 

*Total  value  does  not  include  the  weight  of  the 
stainless  steel  retaining  flange  (0.315  lb)  since 
it  does  not  contribute  to  the  inertial  properties 
of  the  femur. 
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TABLE  9.  UPPER  LEG  AND  FEMORAL  MASS  FOR 
HUMAN,  HYBRID  III  AND  COMPOSITE 
PROTOTYPE  (LB) 


Femur 

Upper  leg 
(Femur  and  Flesh) 

Human 

1.9(1) 

21.56(3) 

Hybrid  III 

12 . 5 

1 9 . 99 ( 4 ) 

Composite 

3.9(3) 

21 . 56 ( 5 ) 

1.  Experimental 

analysis 

of  human  femur 

2.  Reference  8 

3.  Actual  measure 

4.  Reference  9 

5.  Design  goal 


TABLE  10. 

UPPER  LEG  AND 
(IN. -LB-SEC2) 

FEMORAL 

MASS  MOMENTS  l 

OF  INERTIA 

Upper  Leg 
(Femur  and 

Flesh) 

Femur 

‘x 

!v 

>7 

Human 

0. 209 ( 1 ) 

1.46(2) 

1.46(3) 

0.40(3) 

Hybrid  III 

0.962(4) 

1.45(3) 

1 . 50 (3 ) 

0.20(3) 

Composite 

0.295  (4) 

1 . 46( 5) 

1 . 46  ( 5 ) 

0.4q(5) 

1.  Experimental  analysis  of  human  femur 

2.  Reference  8 

3.  Reference  9 

4.  Theoretical  analysis 

5.  Design  goal 


density  of  the  flesh  covering  was  calculated  to  be  0.0338  lb/in.^  or  0.936 
specific  gravity.  Table  11  lists  those  materials  with  densities  similar  to 
the  desired  density  of  0.936  specific  gravity.  In  addition  to  material 
density,  the  compliance  and  energy  absorption  of  the  material  should  be 
considered  to  properly  represent  human  flesh. 


TABLE  11.  POTENTIAL  FLESH 
MATERIALS 

COVER 

Materi al 

Specific 

Density 

Desired  Density 
(Composite  Flesh) 

0.936 

Natural  Polypropylene 

0.91 

UHMWPE,  Virgin 

0.94 

Natural/Synthetic  Rubber 

0.93 

Butyl  Rubber 

0.95 

Polysul fide 

-  Filled  with  Microspheres 

1.40 

0.94 

Ultrawear  UHMWPE 

0.94 

Polyproplyene 

0.90 

Figure  15  shows  the  flesh  design  that  would  be  most  suited  to  the  composite 
femur.  The  concept  consists  of  three  composite,  circular  discs  that  are 
hinged  on  one  side  so  as  to  be  able  to  encircle  the  femoral  shaft.  Flanges 
provide  the  surface  needed  to  bond  each  disc  to  the  shaft.  Figure  16  illu¬ 
strates  this  concept.  The  flesh  would  need  to  be  molded  from  a  recommended 
material  with  cavities  that  encase  the  discs.  The  purpose  of  these  discs  is 
to  prevent  the  mass  of  the  flesh  from  slipping  along  the  skeletal  component 
under  high  inertial  loads. 

The  recommended  flesh  covering  is  conceptualized  with  features  similar  to 
that  of  the  ADAM  even  though  it  weighs  approximately  twice  as  much  as  the 
ADAM  flesh.  The  recommended  flesh  cover  is  folded  around  the  femur  and 
sealed.  The  means  of  sealing  the  flesh  will  be  determined  by  the  strength 
requirements.  If  a  zipper  is  adequate,  as  it  appears  to  be  for  the  ADAM, 
then  one  will  be  used.  Figure  17  demonstrates  how  the  outer  skin  of  the 
flesh  covering  of  the  lower  leg  of  the  ADAM  is  formed  first  and  then 
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FIGURE  15.  DESIGN  OF  RECOMMENDED  FLESH  COVERING. 


injection  molded  with  a  foam  to  represent  the  flesh.  It  is  probable  that  the 
flesh  will  have  to  be  ballasted  to  produce  the  proper  overall  weight  and  mass 
moment  of  inertia.  This  recommended  concept  can  also  be  applied  to  future 
developmental  composite  skeletal  components. 
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88  02017  10 


FIGURE  16.  COMPOSITE  DISC  FOR  RETENTION  OF  FLESH  COVERING 
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6.0  MECHANICAL  TESTING 


6.1  PURPOSE 

The  advanced  composite  femur  was  statically  tested  to  determine  whether  it 
would  sustain  the  maximum  applied  loads  expected  in  service.  The  most  severe 
femoral  loads,  as  calculated  in  Appendix  B  and  tabulated  in  Table  5,  were 
selected  for  testing. 

The  static  loads  included  a  dynamic  factor  of  2.0  and  a  safety  factor  of  1.5, 
and  were  applied  to  test  the  torsional  strength,  the  compressive  strength, 
the  bending  strength,  and  the  combined  bending  and  tensile  strength  of  the 
composite  knee  and  shaft.  The  titanium  neck  was  subjected  to  a  lateral  bend 
test.  Although  the  neck  was  designed  to  sustain  higher  loads  than  could  be 
sustained  by  the  original  Hybrid  III  neck  fitting,  its  strength  could  not  be 
designed  to  equal  or  exceed  that  produced  by  the  graphite  shaft.  This 
strength  limitation  was  due  to  the  space  limitations  within  the  existing 
Hybrid  III  pelvis  structure.  Therefore,  the  titanium  neck  was  tested 
independently  from  the  knee  and  shaft. 

6.2  TEST  PLAN 

The  test  plan  consisted  of  four  static  tests  of  the  composite  knee  and  shaft 
and  one  test  of  the  titanium  neck.  Each  test  was  designed  to  use  the  same 
composite  femur  in  order  to  provide  an  analysis  of  its  overall  strength. 

Test  1  was  designed  to  test  the  torsional  strength  of  the  knee  and  laminated 
shaft.  A  565-lb  load  was  applied  to  a  moment  arm  on  the  knee  to  produce  a 
torque  of  3,488  in. -lb  to  the  shaft  (Figure  18).  This  test  represented  the 
critical  torque  in  load  case  2A  (Table  5). 

Test  2  was  designed  to  test  the  axial  compressive  strength  of  the  knee  and 
shaft  assembly  (Figure  19).  A  ramped  input  compressive  load  was  applied 
axially  at  the  end  of  the  knee  up  to  the  critical  load  of  8,640  lb,  as  found 
in  load  case  5  (Table  5) . 

Test  3  was  a  bending  test  of  the  composite  shaft,  designed  to  reach  the 
critical  load  of  21,776  in. -lb  in  load  case  2B  (Table  5).  A  force  of 
1,230  lb  was  applied  to  a  moment  arm  at  the  knee  to  create  the  critical  load 
at  point  b  (Figure  20).  Point  b  represents  the  hip-joint  ball  center  which 
is  designed  to  withstand  the  critical  load.  The  laminated  shaft  was  tested 
to  a  critical  moment  of  18,708  in. -lb  at  point  c. 

Test  4  (Figure  21)  combines  the  lateral  and  tensile  forces  found  in  load 
case  2B  (Table  5).  A  force  of  2,623  lb  was  applied  at  an  angle  of  28°  to 
the  longitudinal  femoral  axis  to  produce  the  critical  moment  of  21,776  in. -lb 
and  a  tensile  load  of  2,317  lb. 

Test  5  tested  the  strength  of  the  titanium  neck.  The  titanium  neck  was 
tested  anatomically  to  represent  the  lateral  load  case  2B  (Table  5)  by 
attaching  it  to  a  test  fixture  at  the  ball  joint  on  one  end  and  to  the 
composite  shaft  on  the  other  end.  A  load  of  1,512  lb  was  applied  to  the  end 
of  the  shaft  at  a  distance  that  represented  center  of  the  knee,  to  produce 
the  critical  moment  of  21,776  in. -lb  in  the  center  of  the  hip  joint  ball 
(Figure  22) . 
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TOP  VIEW 


FRONT  VIEW 


FIGURE  18.  TEST  1  -  TORSION. 


F=  8,640  LB  (LOAD  CASE  5) 
FIGURE  19.  TEST  2  -  COMPRESSION. 


6.3  TEST  RESULTS 


The  final  test  results  are  tabulated  in  Table  12.  These  results  do  not 
reflect  the  design  support  tests  which  are  included  in  the  discussion. 

6.3.1  Test  1  -  Torsion 

The  composite  graphite  shaft  and  the  thermoplastic  knee  were  tested  up  to  a 
3,517  in. -lb  torque  along  the  axis  of  the  femur.  The  critical  torque  of 
3,488  in. -lb  was  exceeded  by  nearly  one  percent  without  failure.  Figure  23 
shows  the  component  following  the  test. 

6.3.2  Test  2  -  Compression 

The  same  two  femoral  components  tested  in  Test  1  were  subjected  to  a 
9,114.6  lb  compression  load,  which  exceeded  the  design  load  of  8,640  lb  by 
5  percent.  Both  components  successfully  passed  the  test. 

6.3.3  Test  3  -  Combined  Lateral  Bendinq/Torsion 

This  test,  which  was  designed  to  represent  the  loads  in  a  side-facing  troop- 
seat,  caused  the  knee  to  fail  at  the  knee  shaft  at  only  40  percent  of  its 
designed  strength.  The  direct  cause  of  this  failure  was  attributed  to  a  poor 
bond  between  the  knee  and  graphite  shafts  resulting  in  ultimate  failure.  The 
bond  surfaces  between  the  two  shafts  were  improved  for  subsequent  test  items. 
This  test  was  not  repeated  as  it  was  believed  that  Tests  4  and  5  would  ade¬ 
quately  evaluate  the  structural  integrity  of  the  knee  shaft. 
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7  23 


TITANIUM  NECK 
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FIGURE  22.  TEST  5  -  LATERAL  BEND  TEST  OF  TITANIUM  NECK. 


TABLE  12. 

FINAL  STATIC 

TEST  RESULTS  ON 

COMPOSITE  FEMUR* 

Test 

Design  Load 

Actual  Load 

Resul t 

1. 

Torsion 

565  lb 

3,488  in. -lb 

570  lb 

3,517  in. -lb 

Test  Pass 

2. 

Axial 

Compression 

8,640  lb 

9,115  lb 

Test  Pass 

3. 

Knee  Bend 

6,718  in. -lb 

6,750  in. -lb 

Test  Pass 

4. 

Neck  Bend 

21,776  in. -lb 

18,043  in. -lb 

-  Existino  Hybrid  III 
bolt  failed 

-  By  analysis  proto¬ 
type  met  design  load 

5. 

Shaft  Bend 

18,233  in. -lb 

23,918  in. -lb 

-  Catastrophic  failure 
at  130  percent  of 
design  load 

-  Test  pass 

♦Does  not  include  design  support  tests. 


FIGURE  23.  POSTTEST  VIEW  -  STATIC  TEST,  TORSION. 
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6.3.4  Test  4  -  Lateral  Bend  Test 


The  graphite  shaft  was  successfully  tested  beyond  its  critical  moment  of 
18,708  in. -lb  by  one  percent.  The  shaft  of  the  knee,  however,  failed  at 
55  percent  of  its  critical  moment  of  6,718  in. -lb.  Since  the  bond  was  no 
longer  the  cause  of  failure,  it  was  determined  that  an  increase  in  the  diam¬ 
eter  of  the  knee  shaft  was  required.  The  knee  shaft  diameter  was  increased 
to  1.715  in.,  as  described  in  Section  5. 2. 2. 2.  The  knee  was  also  stress 
relieved  after  it  was  machined  according  to  recommendations  of  the  material 
supplier.  A  second  lateral  bend  test  on  the  knee  was  then  conducted.  The 
knee  successfully  sustained  the  critical  load  of  6,718  in. -lb.  The  test  was 
repeated  on  the  same  knee  to  determine  repeatability.  However,  the  graphite 
shaft  failed  before  the  knee  could  reach  the  critical  load.  The  knee  missed 
its  critical  load  by  13  percent.  Nevertheless,  the  graphite  shaft  failed  at 
a  load  30  percent  beyond  its  critical  strength,  and  the  knee  demonstrated 
that  it  could  sustain  repeated  loads  without  failure. 

6.3.5  Test  5  -  Lateral  Test  of  Titanium  Neck 

This  test  on  the  titanium  neck  demonstrated  the  design  strength  of  the  hip 
joint  assembly.  None  of  the  assembly  components  failed,  although  slight  in¬ 
dentations  in  the  hip  joint  ball  and  retaining  flange  from  the  force  exerted 
between  the  two  parts  were  observed.  However,  one  of  the  bolts  used  to  at¬ 
tach  the  retaining  flange  to  the  test  fixture  that  simulated  the  pelvis 
failed.  The  bolts  used  in  this  test  were  similar  in  strength  to  the  bolts 
used  on  the  Hybrid  III,  which  demonstrates  that  the  titanium  neck  was  de¬ 
signed  to  exceed  the  design  loads  of  the  Hybrid  III  femur.  Figure  24  shows 
the  titanium  neck  under  load. 


FIGURE  24.  STATIC  TESTING,  LATERAL  BEND  TEST  OF  TITANIUM  NECK. 
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7.0  FEASIBILITY  ANALYSIS 


7.1  FEASIBILITY  OF  COMPOSITE  MATERIALS 

The  use  of  composite  materials  in  structural  components  has  become  increas¬ 
ingly  popular  due  to  the  high  strength-to-weight  ratio  characteristic  of  com¬ 
posites  as  compared  to  metals.  Figure  25  compares  the  tensile  strength,  ten¬ 
sile  modulus,  and  density  of  the  materials  that  were  used  in  this  program  to 
construct  the  advanced  composite  femur.  These  materials  include  Ultem  2300 
(knee),  graphite/epoxy  (shaft),  and  titanium  (neck). 

Ultem  2300  is  similar  to  both  trabecular  and  cortical  bone  in  strength,  modu¬ 
lus,  and  density,  making  it  an  excellent  material  to  represent  bone.  How¬ 
ever,  the  strength  of  manikin  skeletal  components  must  exceed  the  strength  of 
bone;  therefore  Ultem  2300  can  be  used  to  fabricate  overdesigned  components 
that  are  exposed  to  relatively  low  forces.  Since  the  knee  is  exposed  to 
lower  bending  moments  than  the  rest  of  the  femur,  Ultem  2300  was  suitable  for 
this  application. 

Graphite/epoxy  is  an  excellent  material  for  bone  design  because  it  exhibits 
extremely  high  strength  and  a  density  that  is  similar  to  bone.  In  addition 
to  the  high  strength  and  low  density  graphite/epoxy  exhibits  an  elastic 
modulus  that  is  lower  than  most  metals  and  therefore  close  to  bone  elas¬ 
ticity.  This  long  fiber  prepreg  was  used  to  laminate  the  femoral  shaft  which 
is  exposed  to  severe  loads. 

Although  not  a  composite  material,  titanium  has  become  very  popular  for  use 
in  orthopedic  implants  because  of  its  strength  and  low  elastic  modulus.  The 
latter  parameter  is  an  important  feature  in  orthopedics  since  loads  between 
bone  and  titanium  are  more  easily  transferred  than  they  are  between  bone  and 
materials  with  higher  moduli.  For  this  program,  titanium  was  selected  for 
its  density,  which  is  55  percent  the  density  of  other  metals,  and  for  its 
strength,  which  is  62  percent  higher  than  that  of  aluminum  bronze.  Aluminum 
bronze  is  currently  used  in  the  Hybrid  III  hip  joint  assembly  and  was 
replaced  in  the  neck  by  titanium  for  added  strength. 

7.2  FEASIBILITY  OF  COMPOSITE  FEMUR 


The  feasibility  of  a  composite  femur  for  an  anthropomorphic  test  manikin  was 
determined  by  the  static  tests  conducted  on  the  prototype  femur.  Field 
testing  of  the  femur  by  the  Air  Force  will  further  determine  its  operational 
suitability.  The  femur  will  be  tested  in  a  Hybrid  III  manikin  to  determine 
its  ease  of  use,  durability,  environmental  resistance,  and  dynamic  response. 
Since  the  composite  femur  was  limited  by  design  to  fit  the  existing  Hybrid 
III  manikin,  potential  improvements  to  the  knee  and  hip  joint  assembly 
exist.  The  design  of  a  complete  skeletal  system  that  includes  both  the 
joints  and  components  of  an  entire  leg  or  skeleton  would  not  be  limited  by 
boundary  conditions  and  would  be  more  desirable. 

To  allow  some  flexibility  in  case  of  failure  in  the  initial  development 
phase,  the  composite  femur  was  designed  with  a  removable  hip  joint  assembly. 
This  added  design  constraint  could  be  removed  to  achieve  a  lighter,  stronger, 
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FIGURE  25.  COMPARISON  OF  PROPERTIES  FOR  MATERIALS  USED  IN  ADVANCED  COMPOSITE  FEMUR. 


and  more  anatomically  designed  component.  For  example,  the  insert  and  the 
fasteners  used  to  provide  disassembly  could  be  removed  and  the  design  of  the 
knee  and  hip  joint  assemblies  optimized  if  the  limitations  imposed  by  the  Hy¬ 
brid  III  configuration  were  eliminated.  Nevertheless,  the  purpose  of  this 
program,  to  establish  the  feasibility  of  using  composite  materials  in  anatom¬ 
ical  structures  that  are  subjected  to  severe  dynamic  loads,  was  achieved. 

The  results  of  the  static  tests  show  that  composite  materials,  as  applied  in 
the  femur,  can  be  effective  as  structural  anatomical  components.  The  weight 
of  the  composite  femur  was  reduced,  thereby  producing  a  component  with  biofi- 
delic  mass  and  inertial  properties.  The  mass  of  the  composite  femur  is 
3.9  lb  compared  to  2.0  lb  for  the  human  femur,  and  the  mass  moment  of  inertia 
for  the  composite  femur  is  0.295  in. /-lb-sec2  compared  to  0.209  in. -lb-sec2 
for  the  human  femur.  This  difference  in  inertial  properties  is  due  primarily 
to  the  excess  weight  at  the  ends  of  the  composite  femur  resulting  from  design 
constraints.  Along  with  the  static  test  results,  these  features  demonstrate 
that  the  use  of  composite  materials  for  a  manikin  femur  is  feasible. 

7.3  FEASIBILITY  OF  REMAINING  SKELETAL  COMPONENTS 

The  Phase  I  procedure  used  to  design  a  feasible  composite  femur  will  also  be 
used  to  design  the  remaining  skeletal  components,  thereby  enhancing  the  devel¬ 
opment  of  a  feasible  composite  skeletal  manikin.  The  candidate  skeletal  com¬ 
ponents  that  would  be  redesigned  with  composite  materials  in  Phases  II  and 
III  include  the  following: 

•  Lower  limb:  pelvis,  upper  leg,  lower  leg,  foot 

9  Upper  limb:  shoulder,  upper  arm,  lower  arm,  head. 

These  skeletal  components  are  currently  made  from  metal.  Specific  emphasis 
will  be  made  on  redesigning  the  joints  of  each  segment  and  lowering  the  mass 
to  achieve  biofidelic  mass  moments  of  inertia. 
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8.0  CONCLUSIONS 


The  femur,  selected  as  a  representation  for  all  skeletal  components,  was  de¬ 
signed,  fabricated,  and  analyzed,  proving  that  the  use  of  composite  materials 
in  manikin  skeletal  components  is  feasible. 

A  significant  weight  reduction  was  achieved  for  the  composite  femur.  The 
prototype  component  weighs  3.9  lb  compared  to  the  human  femur  weight  of 
approximately  2.0  lb  and  the  Hybrid  III  femur  weight  of  12.5  lb. 

It  was  determined  that  the  inserts  and  fasteners,  which  allow  disassembly, 
add  unnecessary  weight  to  the  femur.  If  these  disassembly  components  are 
removed  and  the  disassembly  feature  eliminated,  the  total  weight  of  the  femur 
would  be  reduced  by  approximately  0.33  lb  to  3.57  lb. 

The  composite  femur  mass  moments  of  inertia  about  the  transverse  axes  are 
0.295  in. -lb-sec2  compared  to  0.209  in. -lb-sec2  for  the  human  femur.  The 
moment  of  inertia  for  the  composite  femur  is  higher  than  that  of  the  human  as 
a  result  of  some  weight  concentration  at  the  ends  of  the  femur  to  accommodate 
the  Hybrid  III  manikin.  The  composite  femur,  however,  allows  greater  mass  to 
be  placed  in  the  flesh,  resulting  in  a  better  approximation  of  the  overall 
segment  mass  moments  of  inertia  (Ix,  Iy  and  Iz). 

The  anatomical  shape  of  the  composite  femur  is  improved  with  the  increased 
distance  between  the  shaft  axis  and  ball  center. 

The  strength  of  the  composite  femur  was  tested  and  shown  to  significantly 
exceed  that  of  the  Hybrid  III  and  human  femurs.  Ultimate  design  loading 
cases  for  the  tests  were  based  on  a  calculated  design  load  modified  by  a 
dynamic  load  factor  of  2.0  and  a  safety  factor  of  1.5.  The  graphite/epoxy 
shaft  sustained  multiple  bending  loads  up  to  and  above  the  ultimate  design 
load  by  30  percent  and  the  thermoplastic  knee  sustained  a  load  that  exceeded 
the  critical  load  by  almost  one  percent.  The  titanium  neck  was  designed  to 
exceed  the  strength  of  the  Hybrid  III  neck  and  was  tested  to  the  point  of 
failure  in  the  existing  Hybrid  III  attachment  hardware. 
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9.0  RECOMMENDATIONS 


The  following  items  are  recommended  to  further  the  development  of  a  more 
bi of i del i c  test  manikin: 

•  The  disassembly  feature  of  the  neck/shaft  assembly  in  the  composite 
femur  should  be  eliminated  to  reduce  total  weight. 

•  Dynamic  testing  of  composite  skeletal  segments  should  be  conducted 
to  determine  the  strength  under  high  loading  rate  conditions. 

0  The  anatomical  fit  of  the  composite  femur  with  the  Hybrid  III 
manikin  should  be  assessed. 

•  Field  testing  of  the  composite  femur  with  the  Hybrid  III  should  be 
conducted  to  determine  the  acceptability  of  the  composite  material 
under  actual  test  conditions. 

•  Further  development  with  composite  materials  for  manikin  skeletal 
components  should  be  continued. 

•  Joint  concepts  that  reduce  mass  and  maintain  articulation  range 
should  be  emphasized. 

•  The  bulk  of  segment  weight  should  be  distributed  in  the  flesh  to 
provide  a  more  biofidelic  mass  moment  of  inertia. 

0  A  search  for  materials  with  a  specific  density  of  approximately  0.90 
is  recommended  for  the  flesh. 

•  The  Hybrid  III  should  continue  to  be  used  as  the  baseline  for 
geometry  and  design;  the  ADAM  should  be  used  as  the  baseline  for 
joint  articulation  range  of  motion. 
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APPENDIX  A 

HUMAN  BONE  AND  FEMUR  PROPERTIES 
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TABLE  A-l.  MECHANICAL  PROPERTIES  OF  HUMAN  COMPACT  BONE 


Mechanical  Properties 

SI  Units 

Engl  ish  Units 

Ultimate  Tensile  Strength^) 

122.6  MPa 

17.8  ksi 

Ultimate  Compressive  Strength^) 

166.8  MPa 

24.2  ksi 

Ultimate  Bending  Strength^ 

173.6  MPa 

25.2  ksi 

Ultimate  Torsional  Strength^) 

57.1  MPa 

8.3  ksi 

Modulus  of  Elasticity  (Torsion)^) 

3,433.5  MPa 

498.0  ksi 

Modulus  of  Elasticity  (Tension)^) 

18,000  MPa 

2,611  ksi 

Ultimate  Percentage  Contraction^ ^ 

1.9 

1.9 

Ultimate  Percentage  Elongation^) 

1.44 

1.44 

Poisson's  Ratio^) 

0.34 

0.34 

Density^4) 

1.80  gm/cm3 

0.0649  lb/in.3 

1.  Yamada,  H.,  Strength  of  Biological  Materials,  edited  by  F.  Gaynor 
Evans,  Ch.  3,  The  Williams  &  Wilkins  Co.,  Baltimore,  1970. 

2.  McKellop,  H.,  et  al . ,  "A  Plastic  Bone  Model  for  the  Evaluation  of 
Femoral  Fracture  Fixation,"  Society  of  Biomaterials  Meeting, 

April  1984. 

3.  Van  Buskirk,  W.  C.,  and  Ashman,  R.  B.,  "The  Elastic  Moduli  of 
Bone,"  Mechanical  Properties  of  Bone,  edited  by  S.  Cowen,  pre¬ 
sented  at  Joint  ASME-ASCE  applied  Mechanics,  Fluid  Engineering  & 
Bioengineering  Conference,  June  1981,  AMD-Vol  45,  pp.  131-143. 

4.  Carter,  D.  R.,  and  Hayes,  W.  C.,  "The  Compressive  Behavior  of  Bone 
as  a  Two-Phase  Porous  Structure,"  Journal  of  Bone  &  Joint  Surgery. 
Vol  59-A,  No.  7,  pp.  954-962,  October  1977. 
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TABLE  A-2 .  MECHANICAL  PROPERTIES  OF  HUMAN  FEMUR  (MIDDLE  SECTION 
OF  LONG  BONE) l1) 


Mechanical  ProDerties 

SI  Units 

Enql i sh  Units 

Compressive  Breaking  Load 

5,050  kg 

11,110  lb 

Ultimate  Compressive 

Strength 

154  MPa 

22.3  ksi 

Bending  Breaking  Load 

277  kg 

609.4  lb 

Ultimate  Bending  (A-P) 
Strength 

208  MPa 

30.2  ksi 

Ultimate  Deflection  (A-P) 

12.3  mm 

0.48  in. 

Ultimate  Specific 

Deflection  (A-P) 

0.036 

0.036 

Elastic  Modulus 

18,345  MPa 

2,661  ksi 

Modulus  of  Rigidity 

3,107  x  104  kg-mm2 

10.6  x  104  lb-in.2 

Janka's  Modulus  of 
Toughness'2' 

0.07  mm/ kg 

0.0012  in. /lb 

Impact  Bending  Breaking 
Energy 

500  kg -cm 

433.1  lb-in. 

Impact  Bending  Strength 

1.63  kg-cm/mm2 

910.8  lb/in. 

Torsional  Breaking 

Moment 

1,400  kg-cm 

1,212.6  lb-in. 

Ultimate  Torsional 

Strength 

45.3  MPa 

6.57  ksi 

Ultimate  Angle  of  Twist 

1.5° 

1.5° 

(1)  Yamada,  H.,  Strength  of  Biological  Materials,  edited  by  F.  Gaynor 
Evans,  Ch.  3,  The  Williams  and  Wilkins  Co.,  Baltimore,  1970. 


(2)  Janka's  Modulus  uf  Toughness  is  the  change  in  deflection  divided 
by  bending  breaking  load. 
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APPENDIX  B 

CALCULATIONS  OF  COMPOSITE  FEMUR  LOADS 


B-l 


COMPOSITE  FEMUR  LOADING  CASES 


The  maximum  loads  in  the  femur  have  been  calculated  for  each  of  the  three 
principal  directions  (aircraft  coordinate  system),  based  on  the  dynamic  tests 
specified  for  crash-resistant  crewseats  in  MIL-S-58095A  (Reference  5). 

The  accelerations  shown  in  Table  B-l  were  resolved  into  the  three  principal 
directions  to  obtain  the  maximum  axial,  lateral,  and  vertical  components. 
Therefore,  the  actual  design  case  is  a  combination  of  the  axial,  lateral,  and 
vertical  loads  shown. 

DESIGN  CONSIDERATIONS 

1.  Design  weights:  upper  leg  =  22  lb 

lower  leg  and  foot  =  11  lb 

2.  Design  load  factors  were  obtained  from  MIL-S-58095A,  Table  III.  A 
dynamic  load  factor  of  2.0  was  applied  to  the  accelerations  given  in 
MIL-S-58095A. 

3.  Design  crash  loads  obtained  per  item  2  above  were  increased  by  a  factor 
of  1.5  to  obtain  design  ultimate  loads. 

4.  Figure  B-l  represents  the  manikin  leg  geometry  used  to  calculate  the 
design  loads. 


FIGURE  B-l.  MANIKIN  LEG  GEOMETRY. 
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TABLE  B-l .  MIL-S-58095A  DYNAMIC  TEST  REQUIREMENTS 


LOAD  CASES 


1.  CASE  1  -  AXIAL  LOADING 

By  inspection,  Test  2  (Table  B-l)  is  the  critical  case. 
Gx  =  (33  G) (Cos  30°)  =  28.6  G 


28.6  G  28.6  G 


o 

+  CM 

« - ►X  o 

CD 

co 


Design  axial  ultimate  load  Fx  =  (22  lb  +  11  1 b) ( 28 . 6  G)(2.0)(1.5) 


Fx  =  2,831  lb  (12,592  N) 


! 

i 


B-4 


2.  CASE  2  -  LATERAL  LOADING 

Case  2A.  Forward-Facinq  Seat  with  Side  Support  for  Upper  Le 


9.06  IN. 


UPPER  LEG 
SIDE  SUPPORT 


VIEW  LOOKING  AFT 


VIEW  LOOKING  DOWN 


By  inspection,  Test  2  (Tabel  B-l)  is  the  critical  case 


Gv  =  (33  G) (Sin  30°)  =  16.5  G 


Torsion  in  femur  (Mx)  =  (11  1  b) (9.06  in.)(Cos  45°) (2.0) (1 .5) (16.5  G) 


Mx  *  3,488  in. -lb  (394  N-m) 


(1.4  I  LE^n)(|6.5  G)( 2.0)0 .5)*  69.79  L%, 


S'SIOE  SUPPORT  REACTION 


L-(tl  LB)( I  6 .5  G)(2  D)(  1 .5)*  54  5  LB 


►1089  LB 


SHEAR  DIAGRAM 


Mys  •  (545  LBK7.8  IN.)*  (69.79  LB/IN.K7.8  IN.X 
■  6,374  IN. -LB  (720  N-m) 
rz  •  1,089  LB  (4,844  N) 
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Case  2B.  Side-Facing  Seat  with  No  Side  Support  for  Upper  Le 
The  critical  load  case  is  Test  2  (Table  B-l). 

For  a  side-facing  seat: 

Gy  =  (33  G) (Cos  30°)  =  28.58  G 


Mz  =  [(943  lb) (24.66  in.)  +  (1,886  lb) (7.8  in.)]Cos  55° 
=  21,776  in. -lb  (2,460  N-m) 

Fx  =  (1,886  lb  +  943  lb)  sin  55° 

=  2,317  lb  (10,308  N) 

Fy  =  (1,886  lb  +  943  lb)Cos  55° 

=  1,623  lb  (7,218  N) 


3.  CASE  3  -  VERTICAL  LOADING  (EJECTION) 

MIL-S-58095A  specifies  that  the  vertical  deceleration  shall  not  exceed 
more  than  23  G  (for  .025  sec).  Therefore,  23  G  will  be  used  as  the 
design  limit  load  factor  for  the  manikin  femur.  The  limit  load  factor 
will  be  increased  by  a  dynamic  factor  of  2.0  and  an  ultimate  load  factor 
of  1.5. 


'IN. 


GO 


O 

Oi 

o 

CO 

00 


Mys  E  (759  LB)(7.8  IN.)  +  (97.3  LB/IN.)(7.8  IN.)(^|-^) 
=  8,880  IN.-LB  (1,003  N-m) 

Fz  =  1,518  LB  9(6,752  N) 
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+ 

2  Ma  =  0  =  (15.6  in.)(Jv)  +  (3,366  lb) (7.8  in.) 

Jy  =  -1,683  lb 

+ 

2  Mc  =  0  =  (18.4  in. ) (Sin  30°)(JV)  -  (18.4  in.)(Cos  30°)(Jh) 
-  (1,683  lb) (9.34  in. ) (Sin  30°) 


j  =  (18.4  in. ) (Sin  30°)(-l,683  lb)  -  (1,683  lb) (9.34  i n . ) ( S i n  30°) 


1 1 

(18.4  in. ) (Cos  30°) 


Jh  =  -1,465  lb 


Fx  =  -1,465  lb  (-6,516  N) 

F  =  1,683  lb  (7,486  N) 
zmax 

M  =  (1,683  lb) (7.8  in.) 
ymax 

=  13,127  in. -lb  (1,483  N-m) 
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CASE  5  -  AXIAL  KNEE  FORCE 


The  maximum  knee  loading  force  taken  from  the  literature  is  5,760  lb^K 
With  a  1.5  ultimate  load  factor  applied: 

Fx  =  ( 1 . 5) (5, 760  lb) 

=  8,640  lb  (38,431  N) 


(1)  Nyquist,  G.  W.  ,  and  King,  A.  I.,  Chapter  6,  "Lower  Extremities,"  Review  of 
Biomechanical  Impact  Response  and  In.iurv  in  the  Automotive  Environment. 

Phase  I  Task  8  Report:  Advanced  Anthropomorphic  Test  Device  Development 
Program.  Edited  by  Melvin,  J.  W.  and  Weber,  K.,  DOT  HS  807  042,  March  1985. 
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APPENDIX  C 


LAMINATED  SHAFT  STRAINS,  STRESSES, 
AND  SAFETY  FACTOR  FOR  THE  LOADS 
SHOWN  IN  FIGURE  6 
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Load  Case  No  1 


Eps  1 

Eps£ 

Eps6 

kl 

X 

ro 

k6 

.  4926E-02 

51 79E— 0£ 

.  1388E-02  -.2783E 

[-07 

.  7356E-07 

. £431 E— 07 

N 1 

0-»O 

N2 

N6 

Cues) 

Ml 

M2 

M6 

m 

8456E+04 

. 0Q00E+00 

.  5570E+03 

. 0000E+00 

. 0Q00E+00  . 0000E+00 

Temperature  difference 

.  0 

Moist  ure 

.  0000 

Ply  No 

Eps-1 

Eps-2 

Eps-6 

Eps-x 

Lps-y 

Eps-s 

*E6 

1 

Dot 

4926. 3 

-5179. 0 

1387'.  9 

4926. 3 

-5179. 0 

1387.  9 

1 

T  op 

4926.  3 

-5179. 0 

1387. 9 

4926. 3 

-5179. 0 

1387. 9 

O 

u 

Bot 

49£6. 3 

-5179. 0 

1387. 9 

3000.  9 

-3253.  7 

-8057. 5 

C. 

Top 

4926.  3 

-5179. 0 

1387. 9 

3000. 9 

-3253. 7 

-8057. 5 

Lii 

Bot 

4926.  3 

-5179. 0 

1387. 9 

4926. 3 

-5179. 0 

1387.  9 

3 

Top 

4926.  3 

-5179. 0 

1387. 9 

4926.  3 

-5179. 0 

1387.  9 

4 

Bot 

4926.  3 

-5179. 0 

1387. 9 

1799.  0 

-2051. 7 

9445. 4 

4 

Top 

4926.  3 

-5179. 0 

1387.  9 

1799. 0 

-2051. 7 

9445.  4 

5 

Bot 

4926.  3 

-5179. 0 

1387. 9 

4926. 3 

-5179. 0 

1387.  9 

5 

Top 

4926.  3 

-5179. 0 

1387. 9 

4926. 3 

-5179.  0 

1387.  9 

6 

Bot 

4926.  3 

-5179. 0 

1387. 9 

3000. 9 

—3253. 7 

-8057. 5 

6 

Top 

4926.  3 

-5179. 0 

1387. 9 

3000. 9 

-3253.  7 

-8057. 5 

7 

Bot 

4926.  3 

-5179. 0 

1387.  9 

4926. 3 

-5179. 0 

1387. 9 

7 

Top 

4926.  3 

-5179. 0 

1387. 9 

4926. 3 

-5179. 0 

1387.  9 

a 

Bot 

4926.  3 

-5179. 0 

1387. 9 

1799. 0 

-2051. 7 

9445. 4 

8 

Top 

4926.  3 

-5179. 0 

1387. 9 

1799. 0 

—205 1 . 7 

9445.  4 

9 

Bot 

4926. 3 

-5179. 0 

1387.  9 

4926. 3 

-5179. 0 

1387. 9 

9 

Top 

4926.  3 

-5179.  0 

1387. 9 

4926. 3 

-5179. 0 

1387.  9 

10 

Bot 

4926.  3 

-5179.  0 

1387, 9 

3000. 9 

-3253. 7 

-8057. 5 

10 

Top 

4926.  3 

-5179.  0 

1387. 9 

3000. 9 

7 

-8057. 5 

1 1 

E-fot 

4926. 3 

-5179.  0 

1387. 9 

4926. 3 

-5179. 0 

1387. 9 

1 1 

Top 

4926.  3 

-5179.  0 

1387. 9 

4926. 3 

-5179. 0 

1387. 9 

12 

Bot 

4926. 3 

-5179. 0 

1387. 9 

4926. 3 

-5179. 0 

1387.  9 

12 

T  op 

4926. 3 

-5179.  0 

1387. 9 

4926. 3 

-5179. 0 

1387. 9 

13 

Bot 

4926. 3 

-5179.  0 

1387. 9 

3000.  9 

-3253. 7 

-8057. 5 

13 

Top 

4926. 3 

-5179.  0 

1387. 9 

3000. 9 

-3253.  7 

-8057. 5 

14 

Bot 

4926. 3 

-5179. 0 

1387. 9 

4926. 3 

-5179. 0 

1387. 9 

14 

T  op 

4926. 3 

-5179. 0 

1387.  9 

4926. 3 

-5179. 0 

1387.  9 

15 

Bot 

4926. 3 

-5179. 0 

1387. 9 

1799. 0 

-2051. 7 

9445.  3 

15 

Top 

4926.  3 

-5179. 0 

1387. 9 

1799. 0 

-2051. 7 

9445.  3 

16 

Bot 

4926. 3 

-5179. 0 

1387. 9 

4926.  3 

-5179. 0 

1387. 9 

16 

Top 

4926. 3 

-5179. 0 

1387.  9 

4926.  3 

-5179. 0 

1387. 9 

17 

Bot 

4926. 3 

-5179. 0 

1387. 9 

3000.  9 

-3253. 7 

-8057. 5 

17 

Top 

4926. 3 

-5179. 0 

1387. 9 

3000.  9 

-3253.  7 

-8057. 5 

ia 

Bot 

4926. 3 

-5179. U 

1387. 9 

4926.  3 

-'oi/9.  u 

1387.  9 

16 

Top 

4926. 3 

-5179. 0 

1387. 9 

4926.  3 

-5179.  0 

1387.  9 

19 

Bot 

4926. 3 

-5179. 0 

1387. 9 

1799.  0 

-2051. 7 

9445.  3 

19 

T  op 

4926. 3 

-5179. 0 

1387. 9 

1799.  0 

-2051. 7 

9445.  3 

C-2 


Load  Case  No  1 


20  Bot 
£0  Top 

21  Bot 

21  Top 
£2  Bot 

22  Top 


4926.  3 
4926.  3 
4926.  3 
4926.  3 
4926.  3 
4926.  3 


-5179.  0 
-5179.  0 
-5179.  0 
-5179.  0 
-5179.  0 
-5179.  0 


1387.  9 
1387.  9 
1387.  9 
1387.  9 
1387.  9 
1387.  9 


4926.  3 
4926.  3 
3000. 9 
3000. 9 
4926.  3 
4926.  3 


-5179.  0 
-5179.  0 
-3253.  7 
-3253.  7 
-5179.  0 
-5179.  0 


1387.  9 
1387.  9 
-8057.  5 
-8057.  5 
1387.  9 
1387.  9 


C-3 


OJ  OJ  OJ  OJ  OJ  cu 


Load  Case  No  1 


Think  Composites  LPT  V3.  00 


Ply  stresses  in  ksi 


Ply  No 

S i gma- 1 

S i gma— £ 

S i gma-6 

S l gma-x 

S i gma-y 

S i gma— s 

1 

Bot 

104. 15 

-5.  21 

.  B2 

104. 15 

-5.  £1 

.  92 

1 

Top 

104. 15 

-5.  £1 

.  22 

104. 15 

-5.  £1 

.  92 

2 

Bot 

51. 33 

8.  76 

26.  23 

63.  41 

-3.  31 

-5.  32 

£ 

Top 

51. 33 

8.  76 

26.  23 

63.  41 

-3.  31 

-5.  32 

3 

Bot 

104.  15 

-5.  21 

.  g£ 

104.  15 

-5.  £1 

.  92 

Top 

104.  15 

-5.  21 

.  92 

104.  15 

-5.  £1 

.  92 

4 

Bot 

33.  34 

2.  50 

-14. £5 

37.  97 

-2.  13 

6.  £3 

4 

Top 

33.  34 

d .  50 

-14. £5 

37.  97 

-£.  13 

6.  £3 

5 

Bot 

104. 15 

-5.  21 

.  9£ 

104.  15 

-5.  £1 

.  92 

5 

Top 

104. 15 

-5.  21 

.  9£ 

104.  15 

-5.  £1 

.  92 

6 

Bot 

51. 33 

8.  76 

£6.  £3 

63.  41 

-3.  31 

-5.  32 

6 

T  op 

51. 33 

8.  76 

£6.  £3 

63.  41 

-3.  31 

-5.  32 

7 

Bot 

104. 15 

-5.  £1 

.  92 

104.  15 

-5.  £1 

.  92 

7 

Top 

104.  15 

-5.  £1 

.  92 

104. 15 

-5.  £1 

.  92 

a 

Bot 

33.  34 

2.  50 

-14.  £5 

37.  97 

-2.  13 

6.  £3 

a 

Top 

33.  34 

2.  50 

-14. £5 

37.  97 

-2.  13 

6.  £3 

g 

Bot 

104. 15 

-5.  21 

.  92 

104.  15 

-5.  £1 

.  92 

g 

Top 

104.  15 

-5.  21 

.  92 

104. 15 

-5.  21 

.  92 

10 

Bot 

51. 33 

8.  76 

26.  £3 

63.  41 

-3.  31 

-5.  32 

10 

Top 

51. 33 

8.  76 

26.  £3 

63.  41 

-3.  31 

-5.  32 

l  i 

Bot 

104.  15 

-5.  £1 

.  92 

104. 15 

-5.  £1 

.  92 

1 1 

Top 

104.  15 

-5.  21 

.  92 

104.  15 

-5.  21 

.  92 

12 

Bot 

104.  15 

-5.  £1 

.  92 

104.  15 

-5.  £1 

.  92 

12 

Top 

104.  15 

-5.  £1 

.  92 

104.  15 

-5.  21 

.  92 

13 

Bot 

51. 33 

8.  76 

£6.  23 

63.  41 

-3.  31 

-5.  32 

1 3 

Top 

5 1 . 33 

8.  76 

£6.  23 

63.  41 

-3.  31 

-5.  32 

14 

Bot 

104. 15 

-5.  £1 

.  92 

104.  15 

-5.  21 

.  92 

14 

Top 

104. 15 

-5.  £1 

.  92 

104.  15 

-5.  £1 

.  92 

15 

Bot 

33.  34 

2.  50 

-14. 25 

37.  97 

-2.  13 

6.  c.' 

15 

Top 

33.  34 

2.  50 

-14. 25 

37.  97 

-2.  13 

6.  £3 

16 

Bot 

104. 15 

-5.  21 

.  92 

104.  15 

-5.  21 

.  92 

16 

Top 

104. 15 

-5.  21 

.  92 

104.  15 

-5.  21 

.  92 

17 

Bot 

51. 33 

8.  76 

26.  23 

63.  41 

-3.  31 

-5.  32 

17 

Top 

51. 33 

8.  76 

26.  £3 

63.  41 

-3.  31 

-5.  32 

18 

Bot 

104.  15 

-5.  21 

.  92 

104.  15 

-5.  £1 

.  92 

18 

Top 

104. 15 

-5.  21 

.  92 

104. 15 

-5.  £1 

.  92 

ig 

Bot 

33.  34 

2.  50 

-14.  25 

37.  97 

-2.  13 

6.  £3 

19 

Top 

33.  34 

£.  50 

-14.  25 

37.  97 

-2.  13 

6.  23 

20 

Bot 

104. 15 

-5.  £1 

.  92 

104. 15 

-5.  £1 

.  92 

20 

Top 

104. 15 

-5.  £1 

.  92 

104. 15 

-5.  £1 

.  92 

21 

Bot 

51. 33 

8.  76 

26.  £3 

63.  41 

-3.  31 

-5.  32 

£1 

Top 

51. 33 

8.  76 

26.  23 

63.  41 

-3.  31 

-5.  32 

££ 

Bot 

104.  15 

-5.  £1 

.  92 

104. 15 

-5.  £1 

.  92 

£2 

Top 

104. 15 

-5.  21 

.  92 

104. 15 

-5.  £1 

.  92 

C-4 


OJ  OJ  OJ 


Load  Case  No  1 


Think  Composites  LPT  V3.  00 


Ply  No 

Png  le 

Matr 

No 

z-bottom 

z-top 

R— bottom 

R 

1 

.  0 

15 

-.  055000 

-.  050000 

1. 94 

1. 94 

£ 

30.  0 

15 

050000  - 

-.  045000 

1. 63 

1. 63 

3 

.  0 

15 

-. 045000  - 

-.  040000 

1. 94 

1. 94 

4 

-30.  0 

15 

-. 040000  - 

-.  035000 

1. 46 

1. 48 

5 

.  0 

15 

-. 035000  - 

-.  030000 

1. 94 

1. 94 

6 

30.  0 

15 

-.  030000  - 

-.  0£5000 

1. 63 

1. 63 

7 

.  0 

15 

-. 025000 

020000 

1. 94 

1. 94 

a 

-30.  0 

15 

-. 020000 

-.  015000 

1. 48 

1. 48 

9 

.  0 

15 

-.015000  - 

•.  010000 

1. 94 

1.  94 

10 

30.  0 

15 

-.010000 

-.  005000 

1. 63 

1. 63 

1 1 

.  0 

15 

-. 005000 

. 000000 

1. 94 

1. 94 

1£ 

.  0 

15 

. 000000 

. 005000 

1. 94 

1. 94 

13 

30.  0 

15 

. 005000 

. 010000 

1. 63 

1. 63 

14 

.  0 

15 

. 010000 

. 015000 

1. 94 

1.  94 

15 

-30.  0 

15 

. 015000 

. 020000 

1. 48 

1. 48 

16 

.  0 

15 

. 020000 

. 025000 

1. 94 

1. 94 

17 

30.  0 

15 

. 025000 

. 030000 

1. 63 

1. 63 

18 

.  0 

15 

. 030000 

. 035000 

1. 94 

1. 94 

19 

-30.  0 

15 

. 035000 

. 040000 

1. 48 

1. 48 

£0 

.  0 

15 

. 040000 

. 045000 

1. 94 

1. 94 

£1 

30.  0 

15 

. 045000 

. 050000 

1. 63 

1. 63 

££ 

.  0 

15 

. 050000 

. 055000 

1. 94 

1. 94 

O  P 

Perry  (m.  s) 

--  R-l. 

C-5 


t  op 


Load  Case  No  £ 

Think  Composites  LPT  V3. 00 


Eps  1 

Eps£ 

Eps6 

kl 

k£ 

k.6 

. 5034E-02 

4845E-0£ 

3029E-02 

£80QE— 07 

.  7468E-07 

1 428E-07 

N1 

N2 

N6 

Ml 

M£ 

M6 

0-8} 

. 8456E+04 

. 0000E+00 

6-8) 

5570E+03 

.  . 0000E+00 

. 0000E+00 

. 0000E+00 

Temperature  difference  .0  Moisture  .0000 


Ply  No 

1  Bot 
1  Top 
£  Bot 
£  Top 
3  Bot 

3  Top 

4  Bot 

4  Top 

5  Bot 

5  Top 

6  Bot 

6  Top 

7  Bot 

7  Top 
3  Bot 

8  Top 

9  Bot 
9  Top 

1 0  Bot 

10  Top 

11  Bot 
1  1  Top 

12  Bot 
1£  Top 

13  Bot 

13  Top 

14  Bot 

14  Top 

15  Bot 
15  Top 

15  Bot 

16  Top 
1  /  Bot 

17  Top 
13  Bot 
1 Q  T op 
19  Bot 
19  Top 


Eps- 1 

Eps-£ 

Eps-6 

5034.  4 

-4845.  1 

-30£9.  0 

5034.  4 

-4845.  0 

-3029. 0 

5034.  4 

-4845.  0 

-3029. 0 

5034.  4 

-4845.  0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

—3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029.  0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

—3029. 0 

5034. 4 

-4845.  0 

—3029.  0 

5034.  4 

-4845. 0 

-3029.  0 

5034. 4 

-4845. 0 

-3029.  0 

5034. 4 

-4845. 0 

-3029.  0 

5034. 4 

-4845.  0 

-3029.  0 

5034. 4 

-4845.  0 

-3029.  0 

5034.  4 

-4845.  0 

-3029.  0 

5034.  4 

-4845. 0 

-3029.  0 

5034.  4 

-4845.  0 

-3029.  0 

5034.  4 

-4845.  0 

-3029.  0 

Eps-x 

Eps-y 

Eps-s 

5034.  4 

-4845.  1 

-3029. 0 

5034.  4 

-4845.  0 

-3029. 0 

1252.  9 

-1063.  6 

-10070. 3 

1252.  9 

—  1 063.  6 

-10070. 3 

5034.  4 

-4845. 0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

3876. 1 

—3686.  8 

7041. 3 

3876. 1 

-3686. 8 

7041. 3 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029.  0 

1252. 9 

-1063. 6 

-10070.  3 

1252. 9 

-1063.  6 

-10070.  3 

5034. 4 

-4845. 0 

-3029.  0 

5034. 4 

-4845.  0 

-3029.  0 

3876. 1 

-3686. 8 

7041. 3 

3876. 1 

-3686. 8 

704  1 . 3 

5034. 4 

-4845. 0 

-3029.  0 

5034. 4 

-4845.  0 

-3029. 0 

1252. 9 

-1063.  6 

-10070. 3 

1252. 9 

-1063. 6 

-10070. 3 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845.  0 

-3029. 0 

5034. 4 

-4845. 0 

-3029. 0 

1252. 9 

-1063. 6 

-10070. 3 

1252. 9 

-1063. 6 

-10070. 3 

5034. 4 

-4845.  0 

—3029. 0 

5034. 4 

-4845. 0 

—3029. 0 

3876. 1 

-3686. 8 

7041. 3 

3876.  1 

-3686. 8 

7041. 3 

5034. 4 

-4845. 0 

-3029. 0 

5034. 4 

-4845. 0 

—3029. 0 

1252.  9 

-1063.  6 

-10070. 3 

1252.  9 

-1063. 6 

-10070. 3 

5034.  4 

-4845.  0 

-3029. 0 

5034.  4 

-4845. 0 

-3029. 0 

3876.  1 

-3686.  8 

7041.  3 

3876.  1 

-3686.  8 

7041. 3 

*E6 


Load  Case  No  £ 


Think  Composites  LPT  V3.  00 


£0  Bot 

5034.  4 

-4845. 0 

£0  Top 

5034.  4 

-4845. 0 

21  Bot 

5034.  4 

-4845. 0 

£1  Top 

5034.  4 

-4845. 0 

£2  Bot 

5034.  4 

-4845. 0 

22  Top 

5034.  4 

-4845. 0 

-3029.  0 

5034.  4 

-4845 

-3029.  0 

5034.  4 

-4845 

-3029.  0 

1252.  9 

-1063 

-3029.  0 

1252.  9 

-1063 

-3029.  0 

5034.  4 

-4845 

-3029.  0 

5034.  4 

-4845 

-3029.  0 
-3029.  0 
-10070. 3 
-10070.  3 
-3029.  0 
-3029.  0 


C- 


Load  Case  No 


Think  Composites  LPT  V3.  OO 

Ply  stresses  in  ksi 


P 1  y  No 

S i gma- 1 

S  i  grna-2 

S  i  gma-6 

S i gma-K 

S i gma-y 

Si  grna-s 

1 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

1 

Top 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

o 

Bot 

S5.  46 

.  17 

a.  6i 

26.  60 

-.  97 

-6.  65 

o 

c 

Top 

S5.  46 

.  17 

8.  61 

26.  60 

-.  97 

-6.  65 

3 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

yjli 

Top 

106. 63 

-4.  70 

-2.  00 

1 06.  6 3 

-4.  70 

-2.  00 

4 

Bot 

64.  7£ 

13.  84 

-34. 77 

82.  1 1 

4.  65 

4 

Top 

64.  73 

13.  84 

-34. 77 

82.  1 1 

-3.  55 

4.  65 

5 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

5 

Top 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

6 

Bot 

35.  46 

.  17 

8.  61 

26.  60 

-.  97 

-6.  65 

6 

Top 

35.  46 

.  17 

a.  6i 

26.  60 

-.  97 

-6.  65 

7 

Bot 

1 06 . 63 

4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

7 

T  op 

106. 63 

-4.  70 

-2.  00 

1 06. 63 

-4.  70 

-2.  00 

a 

Bot 

64.  72 

13.  04 

-34.  77 

82.  1 1 

-3.  55 

4.  65 

a 

Top 

64.  72 

13.  84 

-34. 77 

82.  11 

-3.  55 

4.  65 

9 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

9 

Top 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

10 

Bot 

25.  46 

.  17 

8.  61 

26.  60 

-.  97 

-6.  65 

10 

Top 

25.  46 

.  17 

8.  61 

26.  60 

-.  97 

-6.  65 

1 1 

Bot 

1 06. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

1 1 

Top 

106.  63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

IS 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

IS 

Top 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

13 

Bot 

25.  46 

.  17 

a.  6i 

26.  60 

-.  97 

-6.  65 

13 

Top 

25.  46 

.  17 

a.  6i 

26.  60 

-.  97 

-6.  65 

14 

E<ot 

106. 63 

-4.  70 

-2.  00 

1 06.  63 

-4.  70 

-2.  00 

14 

T  op 

1 06 . 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

15 

Bot 

64.  72 

13.  84 

-34. 77 

82.  1  1 

-3.  55 

4.  65 

15 

Top 

64.  72 

13.  84 

-34. 77 

82.  1  1 

-3.  55 

4.  65 

16 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

16 

Top 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

17 

Bot 

25.  46 

.  17 

8.  61 

26.  60 

-.  97 

-6.  65 

17 

Top 

25.  46 

.  17 

8.  61 

26 .  60 

-.  97 

-6.  65 

ia 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

la 

Top 

106. 63 

-4.  70 

-2.  00 

1 06. 63 

-4.  70 

-2.  00 

19 

Bot 

64.  72 

13.  84 

-34. 77 

82.  1 1 

o »  ■ — i  t-j 

4.  65 

19 

Top 

64.  72 

13.  84 

-34. 77 

82.  1  1 

-3.  55 

4.  65 

SO 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

20 

T  op 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

SI 

Bot 

25.  46 

.  17 

8.  61 

26.  60 

-.  97 

-6.  65 

SI 

Top 

25.  46 

.  17 

8.  61 

26.  60 

-.  97 

-6.  65 

SS 

Bot 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

ss 

Top 

106. 63 

-4.  70 

-2.  00 

106. 63 

-4.  70 

-2.  00 

C-8 


ro  ro 


Load  Case  No 


Think  Composites  LPT  V3.  00 


No 

Png  le 

Matr  No 

z -bottom 

z-top 

R- bottom 

R 

1 

.  0 

15 

055000 

-.  050000 

1. 86 

1. 86 

c. 

30.  0 

15 

-.  050000 

-.  045000 

1. 36 

1. 36 

3 

.  0 

15 

-.  045000 

-.  040000 

1. 86 

1. 86 

4 

-30.  0 

15 

040000 

-.  035000 

1. 66 

1. 66 

5 

.  0 

15 

-.  035000 

-.  030000 

1. 86 

1. 86 

6 

30.  0 

15 

030000 

-.  025000 

1. 36 

1. 36 

7 

.  0 

15 

-.  025000 

-.  020000 

1. 86 

1. 86 

8 

-30.  0 

15 

-.  020000 

015000 

1. 66 

1. 66 

9 

.  0 

15 

015000 

-.  010000 

1. 86 

1. 86 

10 

30.  0 

15 

010000 

-.  005000 

1. 36 

1. 36 

1  1 

.  0 

15 

005000 

.  000000 

1. 86 

1. 86 

12 

.  0 

15 

.  000000 

. 005000 

1. 86 

1. 86 

13 

30.  0 

1 5 

.  005000 

. 010000 

1. 36 

1. 36 

14 

.  0 

15 

.  010000 

. 015000 

1. 86 

1. 86 

15 

-30.  0 

15 

. 0 1 5000 

.  020000 

1.66 

1. 66 

16 

.  0 

15 

.  020000 

.  025000 

1. 86 

1. 86 

17 

30.  0 

15 

.  025000 

.  030000 

1. 36 

1. 36 

IQ 

.  0 

15 

.  030000 

.  035000 

1. 86 

1. 86 

19 

-30.  0 

15 

.  035000 

.  040000 

1. 66 

1. 66 

20 

.  0 

15 

. 040000 

. 045000 

1. 86 

1. 86 

21 

30.  0 

15 

.  045000 

. 050000 

1. 36 

1. 36 
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Using  the  schematic  shown  in  Figure  D-l,  the  critical  moment  and  the 
critical  stress  FA  in  the  composite  knee  fitting  were  calculated  as 
follows: 


Ma  =  (943  lb) (Cos  55°) (9.06  in.  +  3.36  in.)  =  6,718  in. -lb 


F  =  P  +  Mc  =  (943  1b)(Sin  55°)  +  (32) (6,718  in. -lb)  =  13>goo  Qsi 

A  A  T  7  3 

H  H  1  *-(0.86  in.r  *-(1.715  in.)-3 


The  stress  margin  of  safety  is: 

M.S  =  ?ty  -1  =  24,500  -1  =  4- .  7626 

13,900  psi  13,900  psi 


FIGURE  D-l.  CRITICAL  LOADING  OF  ADVANCED  COMPOSITE 
KNEE  JOINT  FITTING. 
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APPENDIX  E 

CALCULATION  OF  ULTIMATE  STRENGTH  OF 
YELLOW  BRASS  NECK 
OF  EXISTING  HYBRID  III  FEMUR 


E-l 


To  determine  the  minimum  design  strength  for  the  composite  hip  joint  neck, 
the  ultimate  strength  in  the  Hybrid  III  femoral  neck  was  calculated.  The’ 
moment  required  to  fail  the  Hybrid  III  neck  shaft  (Figure  E-l)  was  calculated 
as  follows: 

Bending  Modulus  of  Rupture: 


^bu  Ftu  +  ( *^) ^ty 
Fbu  =  177,100  psi 


Since, 


32  M 


.(32)111)  =  177>100  psi 
*(•75)* 


M  =  7,335  in. -lb  (moment  required  to  fail  the  shaft) 


Ftu  =  1  19,000  LB/IN.2 
Ft  =  83,000  LB/IN.2 

FIGURE  E-l.  HYBRID  III  HIP  JOINT  ASSEMBLY. 
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